Abstract: Sperm apical hooks in murine rodents play an important role in sperm competition. Apical hooks are more curved and longer in species with relatively larger testes, that is in species with a higher risk of sperm competition. The sperm can form aggregations, 'trains', that can move faster than individual sperm, thus reaching the egg earlier as was observed in Apodemus sylvaticus. The apical hook plays an important role for train formation. This study focuses on the changes in the curvature of sperm apical hooks during the final stages of spermiogenesis and stages before fertilization (sperm-life span). Apical hook curvatures of field mice (A. agrarius and A. sylvaticus) vary significantly between dormant and active sperm. In contrast, there are no significant differences among the stages in the eastern house mouse. Since there are high ranges of angle values in all stages, the mean angles of apical hook curvature are not appropriate for evaluating risk of sperm competiton. The ranges of angle values point to a level of flexibility of the apical hooks. The lengths of sperm hooks in individual species do not change during particular stages. The length and flexibility of the sperm apical hooks are important for the formation of sperm aggregations, thus these sperm characters indicate the risk of sperm competition and the sperm strategies in murine rodents.
Introduction
Research in mammals has shown that males of polygamous species possess relatively larger testes and produce more spermatozoa than the monogamous ones (Harcourt et al. 1981; Kenagy & Trombulak 1986; Roldan et al. 1992) . In polygamous (promiscuous) species, sperm undergo competition, and the relatively larger testes and therefore larger sperm production plays a significant role (Breed & Taylor 2000; Roldan et al. 1992) . Meadow vole males can increase the amount of sperm per ejaculation when they copulate with a female mated by another male (delBarco-Trillo & Ferkin 2004) . On the contrary, males of house mouse decreased the amount of sperm per ejaculate when mating in the presence of a rival male (Ramm & Stockley 2007) .
In mammals, and particularly in rodents, the sperm tails are elongated, which is explained as an adaptation to the elevated risk of sperm competition (Roldan et al. 1992) . Sperm with an elongated tail should move faster through the female reproductive tract and reach the egg earlier (Breed & Taylor 2000; Roldan et al. 1992) .
Positive correlation between relative testes weight and the sperm tail length has been associated with the phylogenetic relationship of individual species (Breed 2005; Breed & Taylor 2000; Roldan et al. 1992) . In some genera (groups), considerable interspecies differences in the relative testes weight and sperm size (tail length) have been found in phylogenetically closely related species (Breed & Taylor 2000) . In accord with the differences in social behaviour, these species will probably also differ in their system of reproduction and the strategy of sperm in the fertilization process (Stopka & Macdonald 1998; Breed & Taylor 2000; Stopka & Graciasová 2001; Frynta et al. 2009; Ramm & Stockley 2009) .
The risk of sperm competition can also be assessed based on the multiple paternity rates. In field mice, with the higher risk of sperm competition, the multiple paternity rate was found to be 69.2% in Apodemus agrarius (Pallas, 1771), 68.8% in A. sylvaticus (L., 1758), 56.3% in A. flavicollis (Melchior, 1834) and 45% in A. uralensis (Pallas, 1811) (former A. microps Kratochvíl et Rosický, 1952) (during high vegetation season) (Bryja et al. 2008) , while in the western house mouse (Mus domesticus Schwarz et Schwarz, 1943) the multiple paternity was in the range of values 23% (Dean et al. 2006 ) and 26% (Firman & Simmons 2008) only.
A significant discovery was made in promiscuous A. sylvaticus. Sperm of one male formed linear aggregations or 'trains', each consisting of hundreds of cells. The sperm aggregation then moves faster than the spermatozoon alone and the train thus reaches the egg earlier, so the train has shown as an advantageous strategy in the sperm competition of different males (Moore et al. 2002) . The significance of the apical hook on the sperm head of rodents has been shown in the sperm c 2011 Institute of Zoology, Slovak Academy of Sciences competition, the apical hook is an important structure for linkage into the train (Moore et al. 2002) . Immler et al. (2007) investigated the length and curvature of the apical hook in several murine rodents and demonstrated that the apical hook and sperm aggregation are probably the main adaptive mechanisms in sperm competition in rodents. The authors showed that species with relative larger testes, and thus the higher risk of sperm competition, possess longer and more curved apical hooks.
We supposed that in murine rodents different sperm strategies are reflected in the sperm's development and life. In this study we investigated in three murine rodent species, if the apical hook curvature and length change among different stages of the sperm-life span (the final stages of spermiogenesis and stages before fertilization).
Material and methods

Mice
Three males of each species were used: eastern house mouse Mus musculus L., 1758 (site: Sedlečko, Czech Republic), wood mouse Apodemus sylvaticus (site: Prague, Czech Republic) and striped field mouse A. agrarius (site: Šebastovce, Slovakia). At the time of experiments, all mice were at reproductive age. Mice were maintained in a pathogen-free facility for wild mice at the Department of Zoology, Faculty of Science, Charles University in Prague, Czech Republic. All animal procedures were carried out in accordance with Animal (Scientific Procedure) Regulations and subjected to review by the local ethical committee. Animals were killed by cervical dislocation.
Slide preparation
Sperm from cauda epididymidis were studied during three stages: 0, 1 and 2. Stage 0 was represented by non-released dormant epididymal sperm. Stage 1, sperm were released from cauda epididymidis, active non-reacted, i.e., acrosome intact sperm. In stage 2, sperm were released from cauda epididymidis and were acrosome reacted.
Sperm samples for stage 0 were obtained by imprinting the incised cauda epididymidis on the cleaned slides and immediately assessed under an Olympus epifluorescent microscope. Status of the acrosome was evaluated after adding 2.5 µM Alexa Fluor 488 peanut agglutinin (PNA) lectin (Molecular Probes, Prague, Czech Republic).
Sperm samples for stage 1 and 2 were obtained by placing the incised cauda epididymidis into microtubes with PBS for 5 minutes (stage 1) and for 10 minutes (stage 2) at 37
• C under 5% CO2. The sperm suspension was then dropped onto clean microscope slides, smeared and stained to assess acrosomal status using 2.5 µM Alexa Fluor 488 PNA lectin and immediately assessed under an Olympus epifluorescent microscope.
Measurement of length and curvature of the apical hook
The curvature and length of the apical hook were assessed by the measurement method used by Immler et al. (2007) . The curvature of the apical hook was measured as the outer angle between the main longitudinal axis of the sperm head and the tangent that lay through the most apical tip of the ventral curve of the hook.
A minimum of 12 spermatozoa were successfully analysed from each individual in each stage, so that each species had a minimum of 36 spermatozoa analysed in each stage. In total, we analysed 581 spermatozoa. The hook angles and lengths were measured using analySIS (Soft Imaging System) software. Experimental data were analysed using program STATISTICA 6.0 and assessed by Factorial Anova and Post-hoc unequal N test.
Results
We detected differences in sperm strategies, i.e., different developments of the apical hook curvature in the field mice (Apodemus) and house mouse (M. musculus) during the sperm life-span ( Fig. 1 and Table 1 ). Development of the hook curvature in field mice progressed through the lowest hook curvature in epididymal sperm (dormant; stage 0) increasing after their release (nonreacted sperm displayed maximally curved hooks; stage 1); after the acrosomal reaction, the hook curvature slightly decreased (A. agrarius) or remained almost the same (A. sylvaticus). There were statistically significant differences between the field mice in dormant sperm (P = 0.010) and in acrosome reacted sperm (P = 0.031); no differences were found between the active sperm.
The changes of apical hook curvatures were more pronounced in A. agrarius compared to A. sylvaticus: in dormant sperm, the hooks of A. agrarius were less curved, but in active sperm the hook curvature was slightly bigger in A. agrarius than in A. sylvaticus, in the acrosome reacted sperm, the hook curvature of A. agrarius decreased again, whereas that of A. sylvaticus did not significantly differ from stage 1 (mean hook curvature values in A. agrarius: stage 0: 307.9
• -stage 1: . Sperm life-span was monitored in three stages: dormant (sperm before release from epididymis), active (intact sperm after release) and acrosome reacted sperm (released sperm after acrosomal reaction). Markers denote means of apical hook curvature (angle • ), vertical bars denote 0.95 confidence intervals. Factorial Anova, current effect: F (4, 572) = 27. 766, P < 0.00001. Post-hoc unequal N test further revealed that M. musculus had a significantly lower hook curvature than A. sylvaticus and A. agrarius in all stages (P = 0.00001). There was no difference among stages in M. musculus (P > 0.78). Dormant sperm of A. agrarius had a lower hook curvature than dormant sperm of A. sylvaticus (P = 0.01) and othher Apodemus sperm (P = 0.00001). The hook curvature was different in dormant sperm of A. sylvaticus when compared to active and acrosome-reacted sperm of the same species (P = 0.00001) and to A. agrarius in all stages (dormant P = 0.01, active P = 0.00001, acrosome-reacted P = 0.000015). Furthermore, differences were between: active and acrosome-reacted sperm of A. agrarius (P = 0.0015), acrosomereacted A. sylvaticus and A. agrarius (P = 0.031), no difference was found between active sperm of A. sylvaticus compared to active sperm of A. agrarius (P = 0.70), acrosome-reacted sperm of A. sylvaticus (P = 1.0) and A. agrarius (P = 0.55), and between active sperm of A. agrarius and acrosome reacted sperm of A. sylvaticus (P = 0.74).
356.8
• -stage 2: 343.9
• ; A. sylvaticus: 322.5
• ). In A. sylvaticus, there were statistically significant differences in the hook curvature between dormant sperm and the remaining two stages (stage 0 vs. stage 1 and stage 0 vs. stage 2 both P = 0.00001). In A. agrarius, all stages differed from each other (0 vs. 1 and 0 vs. 2 both P = 0.00001 and 1 vs. 2 P = 0.0015).
In the house mouse the progressive morphology changes were different from that of the field mice. The angles among the particular stages differed only slightly. However, there was an apparent decrease in the hook curvature in active sperm (stage 1), where the angle was the least, and then an increase in the hook curvature in acrosome reacted sperm (stage 2) (M. musculus: 279.5
• -273.5
• -280.5
• ). A notable observation was the high range of angle values of the hook curvature in all studied species in the individual stages (see Table 1 • , respectively. The lengths of the hooks (see Table 2 ) in individual stages did not display statistically significant differences. Only a slight decrease in the length was detected during the sperm's life-span. In the house mouse, significantly lower apical hook lengths were detected, with the mean of ca 2.9 µm. The field mouse sperm displayed apical hooks with an average of 7 µm, A. agrarius had slightly longer hooks (A. agrarius 7.1 µm vs. A. sylvaticus 6.9 µm). The maximum lengths were also found in A. agrarius (A. agrarius 8.62 µm vs. A. sylvaticus 8.20 µm).
Discussion
We have found that the sperm life-span and thus sperm strategies in the house mouse and field mice differ. M. musculus and A. agrarius together with A. sylvaticus displayed differences in the hook curvature during the sperm life-span ( Fig. 1 and Table 1 ). In the field mice the hook curvature was temporarily increased, whereas it was decreased temporarily in the house mouse. Our results suggest that the sperm of the species with the higher risk of sperm competition undergo more extensive changes during their life-span. Particularly, the curvature of the apical hook changes markedly after sperm release, respectively, after ejaculation. Sperm of these species have longer, more curved apical hooks. According to our results, even dormant spermatozoa are in the higher range of the apical hook curvature.
The extent of hook curvature associated with the risk of sperm competition is in agreement with the results of Immler et al. (2007) , but these authors measured the curvature of the apical hook only in five spermatozoa of one male per species. This number is considerably low. Moreover, they measured the sperm only in one particular (methodologically not defined in detail) stage of the sperm life-span (the angle values given in their report suggest that they corresponded to activated released epididymal sperm).
In the field mice, slides (stage 0, dormant sperm) have shown the highest range and at the same time the lowest hook curvature. The position of the apical hooks of sperm stored in epididymis may vary. The lowest angle value range together with the highest hook curvature in the field mice was observed after sperm release (stage 1). This shows that in species with long apical hooks the hook approaches the ventral part of the sperm head. The angle of the hook curvature thus increases. When the sperm are released from the epididymis or are naturally ejaculated, in the first moments (when the sperm move separately) it is advantageous, from a hydrodynamic viewpoint, to have the hook positioned close to the head. After linking into aggregations (trains), it is crucial for the hooks to (detach at a later stage) stay flexible. This corresponds with our findings that the hook angle could change after the sperm become acrosome reacted.
In the house mouse, there were no statistically significant changes in the hook curvatures. However, the lowest hook curvature was observed in the released (active) sperm, i.e., the process changing the apical hook curvature was opposite of that observed in the field mouse. The lowest hook curvature in active sperm seen in the house mice may be explained by a markedly shorter apical hook, which is more rigid than in field mice. In the epididymis, probably due to a lack of space, the hook slightly approaches the head and after release, goes back again to its natural position to relax after the acrosomal reaction. This is also supported by the hook curvature ranges, where in dormant and active sperm they were lower than in the reacted sperm (see Table 1 ).
The presence of apical hooks on the sperm is crucial for the formation of sperm trains (Moore et al. 2002; Immler et al. 2007 ). To achieve a beneficial effect of these trains, however, not only the presence but also the length and flexibility of the hooks -their ability to be linked together -play a role. Elongated aggregations (trains) move faster than a single spermatozoon. This was confirmed in A. sylvaticus (Moore et al. 2002) . Sperm cooperation by means of linkage into trains thus seems to be an advantageous strategy for the field mice. The linkage can be advantageous for the spermatozoon itself. The spermatozoon helps the aggregation to move faster towards the egg (Moore et al. 2002) . This advantage plays a role when the sperm in the aggregation are related by 50% on average (Immler et al. 2007; Immler 2008) . From a spatiotemporal viewpoint, formation of a sperm aggregation by sperm of a single male is more probable than formation of mixed sperm aggregations from two or more males. In the field mice, the aggregations will probably compete among each other. The train of one male must catch up with the train of the previous male. The high percentage of multiple paternities in the field mice (Bryja et al. 2008 ) testifies for this strategy. Sperm strategies are also related to the social behaviour. In species with a higher promiscuity rate, i.e. species where the male is not capable of guarding the female after copulation, it is advantageous to have cooperating sperm with long apical hooks that form trains. These species also have longer sperm tails (Breed 2005) and relatively larger testes (Roldan et al. 1992; Breed & Taylor 2000) . The movement of tails in the train is coordinated. There must have been an evolutionary driving force leading to the elongation of the sperm apical hooks and tails.
The sperm aggregations of the house mouse, however, were slower than individual spermatozoa (Immler et al. 2007 ). House mouse sperm form rather wide aggregations and the movement of tails of individual spermatozoa is not coordinated. In the house mouse, formation of sperm aggregations does not seem to bring any advantage. A lower multiple paternity rate suggests that the males are capable of guarding their females more easily than the field mice males. Females of the western house mouse (M. domesticus) displayed some rate of promiscuity, multiple paternity was found in 23% of all investigated cases and the assessed frequency was at least 20% (Dean et al. 2006 ). The slow aggregation may then serve as a bait for the sperm of the second male, while the individual spermatozoa of the first male move towards the egg. In this case, this strategy seems to be more advantageous for individual spermatozoa rather than being part of an aggregation.
If the apical hook represents an ancestral trait in the murine rodents and its absence has been derived (Breed 2004 (Breed , 2005 , the sperm morphology and the associated mating systems may have followed different trends. The first is the tendency to monoandry (monogamy), i.e. the guarding of females and the disappearance of the apical hook, e.g., the Micromys minutus (Pallas, 1771) does not have an apical hook at all (Breed 2004) , and there is no need to invest into the formation of more complicated and thus costly sperm. The second trend is the tendency towards promiscuity, when more complicated sperm seem to be more advantageous, and no time and effort are lost to guarding females, e.g., in A. agrarius and A. sylvaticus. In most species, however, mating systems differ depending on the population densities for instance. The form of sperm competition and the tendency to reduce or, on the contrary, to elongate of the sperm apical hooks is not so pronounced. These species may include A. uralensis (former A. microps), in which various percentages of multiple paternity were found in different seasons (spring 12.5%, summer 43.8%) (Bryja & Stopka 2005 ). In the rat Rattus norvegicus (Berkenhout, 1769), sperm aggregations were found moving faster than individual spermatozoa, similarly as in A. sylvaticus, but with a markedly lower sperm hook curvature than in A. sylvaticus, corresponding to the hook curvature in the house mouse (Immler 2007) . The house mice probably display tendencies to monoandry, but due to a certain frequency of multiple paternity, remain rather promiscuous. The species cannot be strictly classified into categories.
The field mice A. agrarius and A. sylvaticus displayed statistical differences in dormant and acrosome reacted sperm; no difference was found in the active sperm. In dormant sperm the hooks were less curved than in the A. agrarius, but active sperm had a slightly higher hook curvature, which they lost in the reacted stage and became less curved than those of A. sylvaticus. The average values of the apical hook curvature of the A. agrarius showed higher fluctuations. They also showed larger ranges of values, except for the active sperm where the range was the lowest. A. agrarius also had longer apical hooks than A. sylvaticus; the difference was not considerable but still apparent. Similarly, in A. agrarius a slightly higher percentage of multiple paternity was found in the high vegetation season: A. agrarius 69.2%, A. sylvaticus 68.8%, however, in spring and summer together: it was in A. agrarius 58.8% and in A. sylvaticus 68.2% (Bryja et al. 2008) . Some smaller differences in the sperm life-span can also thus point to less pronounced differences in the risk of sperm competition.
The lengths of sperm hooks in individual species have not changed during the particular stages. A slight decrease in the length during the sperm life-span was observed. This phenomenon can be explained by the 'wear' of the apical hook during the sperm life-span, caused by the contractions of actin fibres of the hook cytoskeleton. A small decrease in the length of the acrosome reacted sperm may be caused by the acrosomal reaction, i.e., the action of the acrosomal lytic enzymes. A measurement error, with regard to the total number of examined sperm, seems less probable.
Our results have also shown that to investigate the sperm competition, the measurement of the sperm hook length is adequate. The curvature of the apical hook is changing and from a methodological point of view, its measurement is less practical than the measurement of the length. Changes and large ranges of hook curvature values in individual stages of the sperm life-span are very interesting in themselves.
Concerning the morphometric sperm values, individual variability may play a role within the intraspecies variability. The quality of sperm, their viability, or length of the tail or hook may also be influenced by the impact of toxins in the environment (Dvořáková-Hortová et al. 2008) . Socio-biological effects in the process of spermatogenesis may also impact the resulting form of sperm (Frynta et al. 2009; Ramm & Stockley 2009) . Despite all these factors and the fact that further study of the changes in the apical hook curvature during the sperm life-span in other species could bring new information, our results have clearly shown differing strategies of sperm in murine rodents and the significance of the length and flexibility of the apical hook in the sperm competition of rodents.
